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Studies of morphogenesis in early Xenopus embryos have focused primarily on gastrulation and neurulation. Immediately
ollowing these stages is another period of intense morphogenetic activity, the neurula-to-tailbud transition. During this
eriod the embryo is transformed from the spherical shape of the early stages into the long, thin shape of the tailbud stages.
hile gastrulation and neurulation depend largely on active cell rearrangement and cell shape changes in dorsal tissues, we
nd that the neurula-to-tailbud transition depends in part on activities of ventral cells. Ventral explants of neurulae
engthen automously as much as the ventral sides of intact embryos, while dorsal explants lengthen less than the dorsal
ides of intact embryos. Analyses of cell division, cell shapes, and cell rearrangement by transplantation of labeled cells and
y time lapse recordings in live intact embryos concur that cell rearrangements in ventral mesoderm and ectoderm
ontribute to the autonomous anterior-posterior axis lengthening of ventral explants between neurula and tailbud
tages. © 1999 Academic Press
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cINTRODUCTION
Between the relatively calm periods of cleavage and larval
growth, there is a period of intense global morphogenetic
movements that consists of gastrulation (stages 10 to 12),
neurulation (stages 12 to 16), and the neurula-to-tailbud
transition (stages 16 to 27) (Nieuwkoop and Faber, 1994).
Between neurula (stage 16) and tailbud stages (stage 27), a
dramatic morphological transformation from spherical to
linear body shape takes place—Xenopus embryos more than
double in length (Nieuwkoop and Faber, 1994). The physi-
cal mechanism of this event is unknown, but may involve
cell division, as occurs during epiboly of superficial cells of
the animal cap during blastula stages (Keller, 1978), cell
shape change, as in bottle cell formation (Keller, 1981;
Hardin and Keller, 1988), or cell rearrangement, both me-
diolateral and radial, as in gastrulation (Keller et al., 1985a,
b, 1992; Keller and Danilchik, 1988; Wilson and Keller,
1991; Keller and Shih, 1992; Keller and Winklbauer, 1992).
Rearrangement of dorsal mesodermal cells during gastru-
lation nearly doubles the length of that tissue, and conse-
1 To whom correspondence should be addressed at current ad-
dress: Division of Reproductive Sciences, Oregon Regional PrimateAResearch Center, Beaverton, OR 97006. E-mail: larkink@ohsu.edu.
550uently, the dorsal side of the embryo (Keller et al., 1985a,
, 1992; Keller and Danilchik, 1988; Wilson and Keller,
991; Keller and Shih, 1992; Keller and Winklbauer, 1992).
orsal mesodermal cells first intercalate radially, thinning
he mesodermal sheet along the dorsal-ventral (D-V) axis
hile lengthening it in the anterior-posterior (A-P) dimen-
ion. Later, intercalation of dorsal mesodermal cells occurs
n the mediolateral dimension, narrowing the mesodermal
heet along the left-right axis while continuing to lengthen
t along the A-P axis (Wilson and Keller, 1991; Keller and
hih, 1992; Keller et al., 1992; Shih and Keller, 1992).
Studies disrupting the notochord suggest that it is not
equired for A-P axis lengthening during neurula stages (Ma-
acinski and Youn, 1981; Youn and Malacinski, 1981). Wilson
t al. (1989) followed up those observations using notochord-
ess dorsal explants and found that segmentation and rotation
f somites were capable of lengthening the A-P axis of dorsal
ieces by 45% during and after neurulation (stages 12.5 to 21).
herefore, somite rotation can account fully for the degree of
engthening observed during the stages studied.
An even more dramatic A-P lengthening occurs after
eurulation, when the embryo transforms from the spheri-
al shape of the egg into the elongate shape of the tadpole.
t these later stages, somites are still undergoing segmen-
0012-1606/99 $30.00
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551Ventral Cell Rearrangementstation and rotation, but this is insufficient to account for
the doubling in length of the embryo. Thus it seems likely
that other tissues in the embryo contribute to A-P axis
extension. Here we show that ventral explants double in
length autonomously and that mediolateral intercalation of
ventral mesodermal cells is the most likely mechanism for
the lengthening observed in ventral explants during the
neurula-to-tailbud transition.
METHODS
Egg Collection and Fertilization
Eggs were collected in a dry dish from Xenopus females injected
15 to 18 h previously with 600 units of human chorionic gonado-
tropin (Sigma or Organon). Testes were removed from anesthetized,
pithed male frogs for in vitro fertilization. A small piece of testis
as homogenized in 1 mL of 1/3X MMR and poured onto the eggs
1X MMR: 100 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
5 mM Hepes, pH 7.4). When approximately half of the eggs showed
constriction of the pigmented animal hemisphere, eggs were dejel-
lied with 2% cysteine in water, pH 8, and washed with five changes
of 1/5X MMR. Eggs were then cultured in 1/5X MMR at tempera-
tures between 15 and 24°C in an incubator or on a channeled
aluminum plate with a circulating water bath.
Dissections
Embryos were dissected and cultured in 1/2X NAM (1X NAM:
110 mM NaCl, 2 mM KCl, 1 mM Ca(NO3)2, 1 mM MgSO4, 0.1 mM
EDTA, 2 mM Na2HPO4/NaH2PO4, pH 7.5, 1 mM NaHCO3, 25
mg/mL gentamycin). The vitelline envelope was removed with
sharpened watchmakers forceps and the embryos were dissected
with an eyelash attached with wax to the end of a pasteur pipette.
Explants were generated by cutting through the blastopore, the
lateral body wall, and the prospective mouth region, ventral to the
anterior neural folds (Fig. 1A). Since the archenteron is an epithelial
layer that lines the internal surface of the dorsal and ventral sides
at this stage, isolated sides had epithelium on both surfaces, which
helped maintain the integrity of explants. Isolated dorsal and
ventral pieces, and the dorsal and ventral sides of intact devitelli-
nated embryos, were measured at mid-neurula and tailbud stages
(stages 16 and 27, respectively) to determine the change in length of
the A-P axis. Measurements were made following the external
contour of each piece or embryo for the full extent of the A-P axis,
from cement gland to blastopore (Fig. 1B).
Fixation and Confocal Microscopy
Embryos were anesthetized by the addition of several drops of
0.15% tricaine to the culture medium so that they did not contort
during fixation. Embryos were then fixed in Dent’s (4:1 MeOH:
DMSO) overnight at 220°C, followed by indefinite postfixation in
eOH, also at 220°C. Alternatively, for analysis of cell division,
mbryos were fixed in Dent’s containing 5 mg/mL propidium
odide. Embryos were dehydrated fully in MeOH before clearing in
wo rinses of Murray’s (2:1 benzyl benzoate:benzyl alcohol). After
learing, optical sections of embryos were made on a confocal
icroscope (BioRad MRC500) using low magnification (5X and 10X
bjectives, Zeiss). For cell division analysis, higher magnification
as used (40X objective, Zeiss) and image slices 1 mm apart were
Copyright © 1999 by Academic Press. All rightaken from the anterior, middle, and posterior regions that were
11 mm tall by 317 mm wide by 20 mm deep. Image stacks were
imported into NIH Image (version 1.61) on a Macintosh computer
to analyze the three-dimensional locations and shapes of cells. NIH
Image was developed at the U.S. National Institutes of Health and
is available on the Internet at http://rsb.info.nih.gov/nih-image.
Scanning Electron Microscopy
Embryos were anesthetized as described in the previous section
and then fixed in 2.5% glutaraldehyde, 0.1 M Na cacodylate, pH 7.5
overnight at 4°C, after which they were transferred into 0.1 M Na
cacodylate, pH 7.5, and held at 4°C. Embryos were cut transversely
with a razor blade fragment or were peeled of ectoderm with
forceps to expose the ventral mesoderm. Then, embryos were
dehydrated through an ethanol series (50, 75, 95, and 3 rinses in
100%) and held in the final rinse of 100% overnight. Embryos were
transferred to mesh baskets and dried by infiltrating with 1:1
ethanol:Peldri (Ted Pella) for 1 h and then two rinses in 100%
Peldri above 26°C for 1 h each. The embryos were then cooled
below 23°C by placement of the basket on a piece of cooled
aluminum. Peldri was removed by sublimation under vacuum for
3 h below 23°C. SEM stub tops were coated with silver paste and
dried embryos were transferred to the stubs with forceps. Once the
silver paste was dry, stubs were sputter-coated with platinum to 25
nm at 50% power (Anatech). Photographs were taken with a 4 3 5
amera (JEOL) on PolaPan 55 film (Polaroid) using a JEOL JXA6400
EM with a Link Analytical eXL computer for making length and
idth measurements.
Lineage Labeling
Four-cell embryos were labeled by injection of the equatorial region
of each cell with 0.5 nL of 5% tetramethylrhodamine isothiocyanate-
conjugated dextran in water (MW 10,000, TRITC-dex, Sigma). Glass
needles were pulled from 0.75 mm o.d. filament glass capillary tubes,
back-filled, and attached to a Picospritzer II (General Valve). Embryos
were placed in 6% Ficoll in 1/5X MMR to collapse the vitelline
envelope onto the egg surface to aid injection. Eggs were held in place
using a piece of fiberglass screen and forceps.
Transplants
After removal of the vitelline envelope with forceps, a strip of
ectoderm and mesoderm was removed from the ventro-lateral
region of unlabeled host embryos. A similar strip was removed
from labeled donors and placed onto the graft site of the unlabeled
host. The strips were longer in the A-P dimension than in the D-V
dimension to aid visualization of cell rearrangements. Transplants
were secured by placement of the embryos in clay wells under
fragments of cover glass. Hosts were cultured in 1/2X NAM at
temperatures between 15 and 18°C.
Time-Lapse Recordings
For time-lapse recordings of mesoderm cells, ectoderm was
carefully cut and peeled away from the ventral sides of embryos
(stage 20–24) with eyelash knives and forceps. Cells were vitally
stained with 1% Nile blue sulfate in 1/5X MMR and then trans-
ferred to 1X NAM for recording. The primary contaminant of Nile
blue is Nile red, which can be visualized with fluorescent optics
using a rhodamine filter set (GHS). Time-lapse recordings were
made on a confocal microscope using low magnification.
s of reproduction in any form reserved.
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552 Larkin and DanilchikRESULTS
Ventral Explants Lengthen Autonomously between
Neurula and Tailbud Stages
The starting and stopping points of our experiments were
FIG. 1. Dissections were made through the body wall of stage 16 em
pithelial layer. Confocal cross (A) and sagittal sections (B) of stage 16 e
nto dorsal and ventral explants. Video micrographs of a dorsal expla
igmented upper surface (D), and stage 16 embryo (E). Video microgr
at stage 27. Arrowed, superimposed lines indicate where measurementscarefully chosen to exclude the influences of neurulation
Copyright © 1999 by Academic Press. All rightnd tailbud extension. In intact embryos the A-P axis does
ot lengthen significantly until stage 20; however, stage 16
as chosen as the time of separation of dorsal and ventral
xplants because it is an easily identifiable stage that occurs
t a convenient time relative both to fertilization and to the
topping point of the experiments. Stage 27 was chosen as
s leaving dorsal and ventral explants lined on both surfaces with an
os with arrows indicating where cuts were made to separate embryos
), a ventral explant, with the archenteron floor visible as the lightly
of the same dorsal explant (C9), ventral explant (D9), and embryo (E9)
made. In B–E anterior is to the left and dorsal is up. Scale bar is 500 mm.bryo
mbry
nt (C
aphss of reproduction in any form reserved.
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553Ventral Cell Rearrangementsthe stopping point because this stage marks the transition
between A-P lengthening and tailbud extension. The tail-
bud is a dorsally located region that undergoes dramatic
morphogenetic activities between stages 24 and 35 (Gont et
l., 1993; Tucker and Slack, 1995). Although a small
mount of tailbud growth occurs before stage 27, it contrib-
tes little to the lengthening of the A-P axis and is included
nly in dorsal measurements (Figs. 1E, 1E9), therefore any
engthening of ventral explants is due solely to activities of
entral cells.
Intact embryos served as controls for length measure-
ents of dorsal and ventral explants. Measurements were
ade from video images taken at the time of separation of
FIG. 2. Ventral explants lengthen autonomously. Photomicrograp
intact embryos (C and C9) at stages 16 (A, B, and C) and 27 (A9, B9xperimental embryos into dorsal and ventral pieces (Fig. 1).
Copyright © 1999 by Academic Press. All righthe ventral sides of intact embryos were measured on a
ideo monitor by tracing the distance just posterior of the
ost anterior neural fold to the blastopore along the ventral
urface (Figs. 1E, 1E9). Likewise, dorsal sides of intact
mbryos were measured from just posterior of the most
nterior neural fold to the blastopore, but along the dorsal
urface (Figs. 1E, 1E9). Ventral and dorsal explants were
easured in the same manner as controls, but after dissec-
ion (Figs. 1C, 1C9, 1D, 1D9). Measurements were made at
tages 16 and 27 for each embryo and explant from multiple
atches of eggs. Explants that curled were measured along
he external contour as were uncurled explants and em-
ryos (Figs. 1C9, D9).
the same dorsal explants (A and A9), ventral explants (B and B9), and
C9). Anterior is to the left and dorsal is up. Scale bar is 500 mm.hs ofVentral explants lengthened as much as the ventral sides
s of reproduction in any form reserved.
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554 Larkin and Danilchikof intact embryos (Figs. 2B and B9 vs C and C9, and Fig. 3),
suggesting that considerable autonomous morphogenetic
activity resides in ventral tissue after neurulation. Dorsal
explants, on the other hand, elongated less than the dorsal
sides of intact controls (Figs. 2A and A9 vs C and C9, and Fig.
3). The lengthening observed in dorsal explants is consis-
tent with the amount of lengthening which somite rotation
is reported to cause at slightly earlier stages (Wilson et al.,
1989). The inability of dorsal tissue to lengthen normally in
vitro at these late stages is consistent with the findings of
Tucker and Slack (1995) regarding tailbud explants which
also lengthened less than tailbuds of intact embryos. Sepa-
ration of only the anterior or posterior region also prevented
normal dorsal lengthening without altering ventral length-
ening (not shown). Sensitivity of the dorsal side to wound-
ing confounds experiments relating to autonomous
lengthening. The ability of ventral explants to lengthen
autonomously is unexpected, considering the relative mor-
phogenetic inactivity of ventral cells during gastrulation
and neurulation. The following experiments test the role of
morphogenetic mechanisms that can cause tissue length-
ening.
Analysis of Cell Division Rates Indicates That Cell
Proliferation Cannot Account for the Observed A-P
Lengthening
If cell proliferation were a major contributor to axial
lengthening, one would expect most cell cleavage planes to
be approximately perpendicular to the A-P axis, and there-
fore, the mitotic spindle axis of dividing cells would be
roughly parallel to the lengthening body axis. To test the
importance of cell division in A-P axis lengthening, em-
bryos of stages 21 through 24 were fixed in Dent’s with 5
mg/mL propidium iodide, optically sectioned on the confo-
cal microscope, and counts of mitotic figures as well as
total nuclei were made. Only cells in metaphase, anaphase,
FIG. 3. Ventral explants lengthen as much as the ventral sides of
ntact embryos, while dorsal explants lengthen less than dorsal
ides of intact embryos. Dorsal and ventral sides of 28 intact
mbryos, 78 ventral explants, and 77 dorsal explants were mea-
ured at stages 16 and 27. Bars represent one standard deviation.or telophase were counted as mitotic, so that spindle
Copyright © 1999 by Academic Press. All rightrientation could also be scored. Division rates in anterior,
iddle, and tailbud regions were determined for both ecto-
ermal and mesodermal cells of the ventral side. The
egions surveyed were of constant volumes, 211 mm long by
317 mm wide, by 20 mm deep. In embryos of each stage, the
nterior region extended posteriorly from the cement gland,
he middle region was centered on the midpoint of the A-P
xis, and the posterior region extended anteriorly from the
nus (Fig. 4A).
The overall percentage of division for both cell types in
ll three regions of all four stages was 0.82%, with only
.36% having their spindle axes parallel to the A-P axis.
hen cell division rates were broken down by region, germ
ayer, and spindle orientation, rates were still below 1%,
xcept for posterior mesoderm dividing with the cleavage
lane perpendicular to the A-P axis, which reached 2.5%
Fig. 4B). Since this analysis relies on numbers of cells
ividing at the time of fixation, the total numbers of cells in
he surveyed regions were compared among stages. Com-
ared by region and germ layer, these data hint at a slight
ncrease in cell number with age, but differences are within
ne standard deviation (Fig. 4C). Given the low number of
ividing cells observed in fixed embryos (Fig. 4B) and the
ack of increase in actual cell number in regions with
imilar position and identical dimensions (Fig. 4C), we
onclude that cell division makes, at most, a minor contri-
ution to the lengthening of the A-P axis.
Mesodermal Cell Shapes Suggest Cell
Rearrangements Are Involved in A-P Axis
Extension
Cell shapes can be diagnostic of morphogenetic events;
for example, bottle cells shorten a cell sheet by constricting
their apices. If cell shape change drives A-P lengthening,
then cells would have to align their long axes parallel to the
A-P axis. If, however, cell rearrangement drives A-P length-
ening, then cells would align their long axes perpendicular
to the A-P axis, as occurs in dorsal mesoderm during
gastrulation (Keller, 1980). Figure 5A diagrams the effects of
cell shape changes and cell rearrangements on tissue di-
mensions. Scanning electron microscopy was used to study
the shapes of the ventro-lateral mesoderm cells of mid- to
late neurulae (stages 22 through 24). Length and width
measurements of ventral mesodermal cells were made on
neurulae stripped of ectoderm after fixation. Embryos were
viewed at low magnification and low voltage to reduce
charging of specimens by the electron beam. Analysis of
embryos at stages 22 through 24 revealed that the long axis
of most ventral mesodermal cells was perpendicular to the
A-P axis (Fig. 5B). Outlines of the cells in Fig. 5B are
presented in Fig. 5B9 to illustrate cell shapes.
Length-width ratios for ventral mesoderm cells were
determined by measuring for each cell in the field-of-view
long and short axes that were perpendicular to each other
and were approximately aligned with the A-P axis of the
embryo. Anterior and posterior regions were examined and
fell within the regions analyzed above for cell division, but
s of reproduction in any form reserved.
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555Ventral Cell Rearrangementswere smaller in area (137 by 176 mm). Length-width ratios
of ventral mesoderm cells were higher in anterior than
posterior regions and in older embryos, i.e., stage 24 vs stage
22 (Fig. 6). No difference in length-width ratio was found
between cells at the ventral midline and more lateral cells
from embryos of the same stage and similar A-P position
(not shown). Dividing cells were not evident in the embryos
examined. Some rosette arrangements of cells, which might
be related to radial intercalation, were found equally dis-
tributed along the A-P and left-right axes (Fig. 5B, arrow).
The importance of radial intercalation of cells in epiboly
FIG. 4. Few mitotic cells were found at any stage and any region,
of ventral ectoderm and mesoderm of identical dimensions and loca
row of data refers to the embryonic stage indicated in the diagrams
stage; many regions had no dividing cells. The labels “parallel” an
to the A-P axis (B). Cell counts averaged for six or seven embryos p
of 31,506 cells were scored, with 7,076, 7,400, 9,260, and 7,770 ceof the animal cap during blastula stages and early in r
Copyright © 1999 by Academic Press. All rightastrulation led us to look for evidence of radial intercala-
ion in the form of wedge-shaped cells in bisected embryos
Keller, 1980). In embryos of each stage (22 through 24) the
entro-lateral mesoderm was bilayered with the outer layer
onsisting of a thin layer of single cells of a squamous
ature. The inner layer was approximately twice as thick,
ut still most commonly composed of one cell layer. In
laces, however, the inner layer was two cells thick, and the
ells were wedge shaped (Fig. 5C). A rosette is also visible in
he surface just where the wedge-shaped cells are exposed
Fig. 5C, arrowhead), suggesting a correlation between the
total cell numbers did not increase significantly with age. Regions
were surveyed for mitotic figures at stages 21 through 24 (A). Each
ft. Low percentages of division were observed in any region at any
rpendicular” refer to the orientation of the division plane relative
age indicate no significant change in number with age (C). A total
stages 21 through 24, respectively.and
tions
at le
d “pe
er stosette arrangement and the radial intercalation. Wedge-
s of reproduction in any form reserved.
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557Ventral Cell Rearrangementsshaped cells from Fig. 5C are outlined in Fig. 5C9 with the
markers in the same positions.
Because ventral mesoderm cells were found to have their
long axes perpendicular to the A-P axis, it is unlikely that
cell shape change drives A-P axis extension between neu-
rula and tailbud stages. The observed cell orientations and
length-width ratios do, however, support a role for cell
rearrangements, primarily mediolateral intercalation, with
some radial intercalation taking place.
Transplants of Labeled Tissues Reveal Cell
Rearrangements in the Mediolateral Dimension
To demonstrate cell rearrangement in ventral mesoderm,
labeled mesoderm and ectoderm cells from the ventro-
lateral region of neurulae were transplanted into the same
region of unlabeled embryos and the positions of the cells
determined at the tailbud stage (Fig. 7A). Transplants were
strips of meso-ectoderm that were longer in the A-P than
the D-V dimension to aid visualization of cell rearrange-
ment. The site of transplantation was lateral to the ventral
midline and was a region found by SEM to contain many
cells that had a shape suggestive of actively rearranging
cells (i.e., length-width ratio about 2). The labeled cells
were found closer to the ventral midline than their original
FIG. 5. Cell shapes can be indicative of morphogenetic mechanis
get longer in the dimension of sheet lengthening, whereas if lengt
perpendicular to the direction of sheet lengthening (A). SEM of ven
perpendicular to the A-P axis. Note the rosette arrangement at th
length:width characteristics (B9). Bisected embryo with the mes
Wedge-shaped cells (arrowhead) are underlying a rosette (arrow) in
wedge-shaped cells in C (C9). Rosettes appear to be correlated with
FIG. 6. Length-width ratios indicate that ventral mesoderm cells
are longer mediolaterally than anterioposteriorly. Length-width
ratios increase posterior to anterior and in both regions with
increasing age. Anterior and posterior regions at each stage are from
the same embryo; numbers of cells per region ranged between 8 and
13. Error bars indicate one standard deviation. The anterior-
posterior difference is likely due to the delay in development seen
between those regions, similar to that seen dorsally during somite
formation.is to the left and dorsal is up. In C and C9, dorsal is up. Scale bar is 10
Copyright © 1999 by Academic Press. All rightosition, indicative of ventrad migration (compare Figs. 7C
nd 7F). The bulk of the grafts stayed intact, but
umerous cells became separated along the A-P axis as ex-
ected if interdigitation of host and donor cells were occurring
Fig. 7G, arrows). Some labeled cells were separated along the
-V axis from the main mass of transplanted cells, and may
ave stayed at the original graft site as the bulk of the graft
oved toward the ventral midline (Fig. 7G, arrowhead). The
ntermixing of labeled and unlabeled cells is suggestive of cell
earrangement, and particularly of mediolateral intercalation
s has been shown in dorsal mesoderm of gastrula stages
Keller and Tibbetts, 1989).
Time-Lapse Recordings of Vitally Stained
Mesodermal Cells Demonstrate Mediolateral
Intercalation
In addition to the static evidence for intercalation pre-
sented above, cell rearrangements within the ventral meso-
derm were viewed in live embryos stripped of ectoderm.
Ectoderm was removed from mid-neurulae (stage 24) with
forceps and eyelash knives in 1X MMR. The mesoderm was
then stained by adding 1% Nile blue to the medium, rinsing
in fresh medium, and then recording time-series on the
confocal microscope. Alternatively, embryos labeled with
TRITC-dex at the 4-cell stage were stripped of ectoderm and
time series were recorded. Time-lapse recordings using
either labeling method revealed mediolateral cell rearrange-
ments within the ventral mesoderm. A series of frames
from one of nine time-lapse recordings illustrates the inter-
calation behavior of ventral mesoderm cells (Fig. 8).
DISCUSSION
The morphogenetic events preceding and following the
neurula-to-tailbud transition have been characterized in
great detail in Xenopus. After cleavage stages, epiboly
occurs in the animal region (Keller, 1978), later bottle cells
form at the onset of gastrulation (Keller, 1981; Hardin and
Keller, 1988), and then mediolateral intercalation of dorsal
mesoderm cells drives the lengthening of the A-P axis of the
dorsal side of the gastrula (Keller et al., 1985a, b, 1992;
Keller and Danilchik, 1988; Wilson and Keller, 1991; Keller
and Shih, 1992; Keller and Winklbauer, 1992). During
neurulation, changes in cell shapes and sizes account for
the bulk of neural tube formation, somite rotation (Youn
If a cell sheet lengthens by cell shape change, then the cells must
g occurs by cell rearrangement, intercalating cells become longer
mesoderm of stage 24 embryo reveals that cells have the long axis
per right (B, arrow). Traced cell outlines of cells in B to illustrate
mal sheet extending beyond the ectoderm due to the fracture.
entral mesoderm of a stage 24 embryo (C). Traced cell outlines of
e-shaped cells undergoing radial intercalation. In B and B9, anteriorms.
henin
tral
e up
oder
the v
wedgmm.
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558 Larkin and Danilchikand Malacinski, 1981; Wilson et al., 1989), and notochordal
tiffening (Mookerjee et al., 1953; Youn et al., 1980; Adams
t al., 1990; Weliky et al., 1991). After the neurula-to-
tailbud transition, the tailbud extends (Gont et al., 1993;
Tucker and Slack, 1995). There are three cellular mecha-
nisms, contributing to various degrees, that function during
these morphogenetic periods: cell division, cell shape
FIG. 7. A strip of ventral meso-ectoderm from TRITC-dex-labeled
Donor embryos were injected with TRITC-dex in all cells of the 4-c
from donors to hosts, and at stage 27 hosts were fixed and labeled
section (C) of a neurula fixed shortly after transplantation to show
view of the embryo in B and C showing the rectangular shape and c
cross section (F) of a tailbud embryo showing the more ventral loca
tailbud embryo in E and F showing labeled mesodermal cells separ
some ectoderm cells separated from the bulk of the transplant in
makes unlabeled cells of the host visible. Anterior is to the left an
applies to B, C, E, and F and is 500 mm. Scale bar in D applies to Dchange, and cell rearrangement.
Copyright © 1999 by Academic Press. All rightTo study the dramatic morphological change that takes
place in Xenopus embryos following neurulation, neurulae
were dissected into dorsal and ventral explants. The ventral
pieces were found to lengthen autonomously the ventral
sides of intact embryos, whereas dorsal pieces lengthened
an amount similar to that found for the dorsal side at earlier
stages, but less than the dorsal sides of intact embryos at
ryos was transplanted into unlabeled hosts to see if cells rearrange.
tage, at stage 16 strips of ventral meso-ectoderm were transplanted
examined on a confocal microscope (A). Parasagittal (B) and cross
ize, shape, and position of the labeled cells. Higher magnification
ence of the initial graft (D). Confocal images of parasagittal (E) and
of the labeled mesodermal cells. Higher magnification view of the
from the bulk of the transplant in A-P dimension (G, arrows) and
-V dimension (G, arrowhead). Autofluorescence of yolk platelets
sal is up in B, D, E, and G. Dorsal is up in C and F. Scale bar in B
G and is 150 mm.emb
ell s
cells
the s
oher
tion
ated
the D
d dorthese later stages. Although there appeared to be slight
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Copyright © 1999 by Academic Press. All rightdifferences in the lengths of ventral and dorsal sides of
intact embryos and ventral and dorsal explants at stage 16,
these differences were within one standard deviation. At
stage 27, the ventral sides of intact embryos and ventral and
dorsal explants were the same length while the dorsal side
of intact embryos was much longer, i.e., ventral explants
lengthen a normal amount autonomously while dorsal
explants do not. The observed autonomous lengthening of
dorsal explants can be accounted for by somite rotation but
the autonomous lengthening of ventral explants is a novel
finding. Therefore, we then investigated the roles of cell
division, cell shape change, and cell rearrangement in
ventral tissues that might account for the observed autono-
mous lengthening.
Very low rates of cell division (0 to 2.5%) were observed
in ectoderm and mesoderm of the ventral side and could not
account for doubling the A-P axis length of ventral sides. In
addition, total numbers of cells in the same-sized areas of
embryos did not change significantly with age, confirming
the observed division rate. The low cell division rates are
not especially surprising, as after the initial burst of cleav-
ages, the embryo begins dividing asynchronously at stage 7
and settles into a low basal rate of asynchronous division
around the time of gastrulation.
Cells observed by SEM, as well as those seen in less detail
with light microscopy, were oriented with the long axis
perpendicular to the lengthening A-P axis. This orientation
is contrary to what one would expect if shape change was
driving A-P axis elongation, and is consistent with a cell
rearrangement mechanism of axial lengthening. Some
wedge-shaped cells were found in cross section suggesting
that radial intercalation may also contribute to lengthen-
ing, although to a minor degree.
The possibility of cell rearrangement was tested by trans-
planting labeled ventral mesoderm into unlabeled hosts and
by time-lapse microscopy of mesodermal cells during axial
extension. Transplanted labeled ventral mesoderm cells
mixed with unlabeled host cells during A-P axis lengthen-
ing, as observed in mediolateral intercalation of dorsal
mesoderm cells during gastrulation (Keller and Tibbetts,
1989). Time-lapse recordings of ventral mesoderm cells
show cells squeezing between each other along the medio-
lateral axis like that demonstrated in dorsal mesoderm
during gastrulation (Keller, 1978). These findings indicate
that active intercalation of ventral cells takes place during
the period when the A-P axis doubles in length.
FIG. 8. Active cell rearrangement of Nile blue-stained ventral
mesoderm cells was recorded in time-lapse on a confocal micro-
scope. Cells moving into alignment along the A-P axis are indicated
with an * and a 1. Note that the cells are longer in the mediolateral
dimension. Anterior is to the lower left and dorsal is toward the
top. The numbers indicate minutes elapsed after the recording
began. The outlines of the marked cells were traced and placed to
the side of the confocal images to illustrate cell shapes and
positions. Scale bar is 10 mm.
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560 Larkin and DanilchikMorphogenetic events prior to the neurula-to-tailbud
transition have been shown to involve primarily dorsal cell
rearrangements with little activity in the ventral cells.
However, we find that following neurulation, ventral sides
lengthen autonomously and that this lengthening is largely
the result of mediolateral cell intercalation in ventral
mesoderm. These seemingly disparate observations are
compatible if one considers that morphogenetic activities
might alternate with organogenic activities. In this model,
dorsal A-P axis extension begins dorsally during gastrula-
tion. Then when dorsal tissues are engaged with notochord
vacuolization and somite formation and rotation, the ven-
tral side lengthens its A-P axis. Later still, lengthening
activity resumes in the dorsal side in the form of tailbud
extension as the ventral organs form.
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